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Introduction 18
Zoraptera, also known as groundlice or angel insects (e.g., Grimaldi & Engel 2005) , are a 19 cryptic, inconspicuous and still enigmatic group of insects. Weidner (1969) pessimistically 20 pointed out that they are in an evolutionary dead end and can only lead a wretched life 21
("kümmerliches Dasein") in a very limited habitat. The systematic placement has been 22 controversial since the group was introduced as an order by Silvestri (1913) (e.g., Trautwein 23 et al. 2012) (see Table 1 ). Consequently the term "the Zoraptera problem" was coined by 24
Beutel & Weide (2005) . 25   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 S provided by other entomologists. Eight new species from different parts of the world were 1 described in the next 15 years (e.g., Karny 1922 Karny , 1927 , and four species including the North 2 American Z. hubbardi were introduced in a study also containing a key and a discussion of 3 possible relationships of the order (Caudell 1918) . A catalog of the Order published by 4
Hubbard (1990) contained 29 extant species and one from the Eocene. Two new species were 5 described by Chao & Chen (2000) and Engel (2000) . A distributional checklist of zorapteran 6 species was published in Engel & Grimaldi (2002) and an updated checklist of "World 7
Zoraptera" by Rafael & Engel (2006) . In the latter, 34 extant and six fossil species were listed, 8 and the authors provided information on sexes, winged forms, and nymphs of each species. 9
The most recent account is given in Mashimo et al. (2013) . This study contains the 10 descriptions of three new species from Peninsular Malaysia, bringing the number of extant 11 zorapterans to 39. Zoraptera have been regarded as rare and one of the least diverse group of 12 hexapods. However, apparently their diversity remains underexplored (Rafael & Engel 2006 ; 13 
Mashimo et al. 2013). 14
In taxonomic studies the shape of the basal antennomeres, the chaetotaxy of the ventral 15 metafemoral surface, the shape of the cerci, and the male genitalia are traditionally recognized 16 as useful to define species. The male genitalia are highly variable and potentially suitable for 17 classifying the group. It has been noted that closely related species with very similar external 18 features can be clearly discriminated based on male genital structures (Paulian 1949 (Paulian , 1951 19 Hwang 1974 19 Hwang , 1976 New, 1978 2013). Some species were described based solely on immature or female specimens (e.g., 21 Silvestri 1913; Caudell 1923 Caudell , 1927 New 1995) , or the information on the male genitalia was future taxonomic studies, a detailed investigation of both sexes or at least the male genitalia 24 should be obligatory for an unambiguous circumscription of species (Mashimo et al. 2013) . 25 26   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1 
Morphology 2
The illustrations provided by Silvestri (1913) were of high standard, displaying external and 3 internal features, including the setation, the mouthparts, endoskeletal and pretarsal structures, 4 and also internal organs such as the central nervous system, digestive tract, tracheal system 5 and excretory organs (six free Malpighian tubules). A series of comparative studies were 6 carried out by G.C. Crampton. They covered head structures, the neck region, the thorax, the 7 wings, and wing base sclerites of Zoraptera and other groups of insects (Crampton 1918 (Crampton , 8 1920 (Crampton , 1921 (Crampton , 1926 (Crampton , 1927 . Gurney (1938) provided more morphological information, mainly 9 based on the North American species Z. hubbardi. Like Silvestri (1913) and Crampton (e.g., 10
1918, 1927) he used simple dissection techniques and light microscopy. He described and 11 illustrated external body parts but also male and female internal genital organs, the digestive 12 tract, Malpighian tubules and even eggs. Delamare-Deboutteville (1947) compared alate and 13 wingless exemplars. The thoracic skeletomuscular system was described for the first time by 14 Rasnitsyn (1998) . The availability of only one damaged wingless exemplar and the 15 application of simple preparation techniques led to incomplete and not fully satisfying results. 16 Weidner (1970) summarized the available information in the "Handbuch der Zoologie" series. 17
In the 21st century the study of Zoraptera accelerated. Beutel Recently different aspects of Zoraptera were investigated by a collaborative group 5 including entomologists from Japan (University of Tsukuba), Italy (University of Siena), and 6
Germany (Friedrich-Schiller-Universität Jena), mainly specialized on development (R. 7 Machida), ultrastructure (R. Dallai) and the skeletomuscular system (R.G. Beutel), 8 respectively. Combined with collecting efforts in Malaysia (R. Machida and coworkers) and 9
Ecuador (Y. Matsumura) (Fig. 2) , several studies focused on the genital region were 10 presented, using a broad array of techniques including transmission electron microscopy 11 (TEM), confocal laser scanning microscopy (CLSM), and micro computed tomography (µCT) 12 (Fig. 3) . One result was the marked discrepancy between a far-reaching uniformity of the 13 group in the general body morphology and conspicuous differences in the male genital 14 structures (Dallai et al. 2011, 2012a, b; Y. Matsumura, pers. comm.). 15
Zorapteran eggs were described in earlier studies for several species (Caudell 1920; 16 Gurney 1938; Silvestri 1946) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 
Pre-Hennigian approaches 12
When Silvestri (1913) described the first zorapteran species and introduced the family 13
Zorotypidae he assumed that they must be close relatives ("collocate vicino") of roaches 14 ("Blattoidei") and Isoptera. He listed several differences separating Zoraptera from these 15 polyneopteran groups, such as for instance the presence of a bundle of setae on the left 16 mandible. He also mentioned similarities with Dermaptera, but explicitly referred to them as 17 superficial. After Silvestri, affinities (not necessarily in a phylogenetic sense) with Isoptera 18 were emphasized by Caudell (1918) and the "distinguished albeit eccentric" G. colonial habits, and dehiscent wings. While recognizing these similarities, Crampton (1920) 22
clearly pointed out affinities with the acercarian orders, for which he hypothesized an origin 23 from "Prothorthopteroid ancestors in the common Prothorthopteran-Protoblattid stem". He 24 explicitly suggested a very close relationship with Psocoptera ("Corrodentia"). A possible  25   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 relationship with Psocoptera was also discussed in Gurney (1938) , concluding that "affinities 1 with Corrodentia are more noticeable than those with orthopteroid insects". 2
Weidner (1969) suggested "strong thoracic synapomorphies" of Zoraptera + Isoptera, 3 but did not uphold this view in his Handbuch der Zoologie volume (Weidner 1970) where he 4 explicitly rejected superficial arguments for such a hypothesis and emphasized the difficulty 5 of placing Zoraptera. He rather vaguely referred to the order as a specialized, "today obsolete 6
("verkümmert") branch of Blattodea" (including roaches and termites). feature" supporting Paraneoptera, the greatly condensed condition of the abdominal 17 ganglionic chain, with two separate ganglionic masses in zorapterans, and only one in the 18 remaining groups (Hennig 1953 (Hennig , 1969 . He considered the reduced number of three 19 tarsomeres (groundplan) as an additional potential synapomorphy, but it is apparent that 20 losses of tarsal segments occurred in many groups. The hypotheses suggested by Hennig 21 (1953 Hennig 21 ( , 1969 and Wille (1960) Similarities of the antennae of Zoraptera and Isoptera (chemoreceptors, tactile setae, 10
Johnston's organ) were described by Slifer & Sekhon (1978) . However, it is evident that these 11 features have evolved independently given the strong support for a subordinate placement of on an informal analysis of wing characters they suggested that Zoraptera "probably diverged 23 from the Blattoneoptera (= Grylloblattodea, †Protelytroptera, Dermaptera and Dictyoptera), 24 almost certainly before the ( †Protelytroptera + Dermaptera) line, and much before the 25 (Isoptera + (Blattodea + Mantodea)) line". The hypothesis was illustrated with a phylogenetic 26 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 for both 18S and 28S rRNA an extreme acceleration of the substitution rate and modification 26   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 1 
Embryonic development 2
The embryonic development of Zoraptera was described recently by Mashimo et al, (in press). 3
The embryo is formed by a fusion of paired blastoderm regions with higher cellular density 4 extends along the egg surface. After reaching its full length, it migrates into the yolk and 5 finally moves to take its position on the ventral surface of the egg accompanied by a reversion 6 of its anteroposterior axis. These embryological features are widely known in Polyneoptera, 7
and strongly suggest a placement of Zoraptera in this lineage (Mashimo et al. in press). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 Despite of their small size, inconspicuous appearance, cryptic habits and very low diversity it 1 would be misleading to consider Zoraptera as "unsuccessful" in their evolution. An origin in Widely divergent placements were suggested for Zoraptera (Figs 4, 5) and Strepsiptera 25 and in both cases early attempts were impeded by the lack of a sound phylogenetic 26 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 "backwardly directed hind coxae"). The conclusion presented by Wheeler et al. (2001) in a 1 summary tree is weakened by conflicting results obtained with the different data sets 2 (morphology, 18S rRNA, 28S rRNA, 18S + 28S rRNA) (see Table 1 ). It is conceivable that 3 the results based on molecular data were negatively affected by the use of POY (e.g., 4 Yoshizawa 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63  64  65 It is probably safe to assume that zorapterans will remain one of the smallest hexapod 1 orders and only few entomologists would address them as attractive insects. Nevertheless the 2 group is intriguing in different aspects, phylogenetically, as a model case in evolutionary 3 biology, and as cryptic survivors with a hidden diversity still to explore. 4 
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